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PART DATA

EXTEMDED DESCRIPTION OF PART UNDER ANALYSIS:

High Accuracy Inarlial Navigalion System (HAINS)
Inettial Measurement Unit (ML
HAING: Skt He: 1,2, 3.

REFERENCE DESIGNATORS: 30V71A13
2a0vT1At4
AVTIALE

QUANTITY OF LIKE ITEMS: 3
Threa redundant functionzl paths

FUNCTION:
Provides cutputs reprasentalive of Ihe vehicle attitude ¢hanges and ascumulated valoeny

charges with respect 1o the reference inenial axes tor tha updata of the stale vector in the
General Purpose Computer {GPC).
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FAILURE MODES EFFECTS ANALYSIS (FMEA)} — CRITICAL FAILURE MODE
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REVISICN: 3 0110094
SUBSYSTEM NAME: GUIDANGE, NAVIGATION, & CONTROL
LR HAING {MU CRITICALITY OF THIS
ITEM NAME: HAINS iMU FAILUARE MDDE: 1R3

FAILURE MODE:
Leoss of output or no cutput.

MISSION PHASE:

Do DE-ORBIT

Lo LIFY-OFF

LS LANDING SAFING
oo ON-CRBIT

VEHICLEPAYLCADKIT EFFECTIVITY: 102 COLUMBIA
103 DISCOVERY
104 ATLANTIS
105 ENDEAVOUR

CAUSE:

Vibration, shock, loss of input power, input power tranaients, piece pad failure, memory faikirs,
microprocassor failure, microprocessor lirmware smor, moisiure of conductive conamination In
the cooling air, loss or volumetic reduction balow minimum specifiad flow of IMU coling air,
tima dapendant manufacturing/warkmanship anomalies, inadverient downmode to STANDBY or
OFF, PASS errenecus SW command

CRITICALITY 1/1 DURING INTACT ABQRT ONLY? NO

REDUNDANCY SCREEN  A) PASS
B) PASS
€) FAIL

PASS/FAIL RATIONALE:
A . | ;
The HAINS IMU will underge a Hanger Calbration *A* {HC A} atter initial instaliation and a aeries
af tests prios to launch which inciude Aftitude Determinations, Preflight Callbration *A" (PCA),
Gyrocompass, Velocity Tilt, and Tuned Inerial tests.

if a proplem were 1o occur during 1asling. any Buit-In Tast Equipment (BITE} ennunciation(s) or
other tailurg indication{s} wouid be detected by persennel moniloring at Kennedy Space Cantsr
(KSC), Jokinson Spaca Canler (JSC), and Rockwel! international Space Systems Division.

The Ground Launch Sequencer (GLS) awtomalically monitors mach IMU during the launch
sequence until T - 31 eeconds. Duning this tims GLS will halt the ¢ountdewn e launch # any MU
axhibits a fail indiczlion, Afer the T - 31 sacond mark, IMU tailures ara handied In accordance
with the Flight Rules. GLS will nat halt a countdown to launch in the last 31 =econds.

NnG=1 = J&
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B)
Redundancy Managameant {RM) and Buil-in Test Equipment (BITE) are tha primary sources of
real-time faikira detection of the IML! duning Highl.

The majer elemenis of RM ars a Selaction Fier (SF) slsmanl and 3 Fault Dotection,
Identification, and Recenfiguration (FOIR) elemant. The SF provides a singls datum output
s0Urca 1o usar programs daefivad from redundant inpul dala. Aadundant data are input 10 the SF
from the IMU Subsysiem Operating Program (SCFP}.

The IF operates in several modes which are delermined by the number of usable antities in the
data set. If thare are thres usable IMUs, a mid vatue select mode s usad, I two IMUs are
usable, they are averaged for valoctty. For atttuda, use the pravioysly selected IMU E available;
olherwise, uss lowest slet numberad IMU. If only one enlity is usable, the SF operates in a pass
mode,

Tha inpuls 1o the FDIR are the same as those to tha SF plus IMU BITE s1atus. FOIA shak
examine the data in the redundant set for oul-of-tolerance condhions. An IMU tailure shall be
declarad whanever a specified number of consecutive out-of-lalerance conditions are defectad.
Aftar a fault has been detected, vanious Yests shall attempt to identify the faulty iMU. BITE shall
be used 1o identify the faulty IMU when only twe IMUs are in the redundant sat. Delecied fauls
and entified failed IMLUIg shall be sent Lo tha craw via tha fault status sutputs,

IMU AM detects and ideniifies failed IMUs basad on their attitude and velocity output data,
logether with selected signals from tha IMU BITE. In addition, IMLU RM pantaing the aftitude and
velocity seleclion filters. IMU AM furclional requirements are specitied separalely Tor amiuda
8rror processing and velocily error processing. Each atthude and velocity emor procassing
function is dividad im0 1he subfunctions of seleclion filtering, fauli detection, and faul
identifization. To facilitale the two-kevel attitude and vekocity tault idenfification functicns, IMU
alignment is raquired 10 be skawoad by tho square root of six. Two-lavel fayll identification
functians would be impossible wilh co-alignad IMLs axcapt whan BITE was able fo identify the
failure.

AM is software inlemal to the General Purpose Computar (GPC) and cyclically monitors key
data parameters from each IMU. The dala parameisrs from each IMU ars comparad anatytics!ly
lo detarmine data validity. When data exceeds comparison tolerances, a potantial cata validity
failure axists. Mepeated validity failures will cause the RM software, under cenain conditions, 1o
deselact 1he falled IMU, Then the AM scftware wil annunciate to the crew that an IMU failure
has ceturred.

BITE i8 inlernal to sach IMU and is used o monitor the hardware and software status of key IMU
functions. BITE uses a complemant of namwara and softwars 1ests to provide an efective
mathad of assuring the tunctional imlegrity of the IMU. When a moniored function excesds
presel thresheolds, the tailure indicationis} can bg feund a3 a pan of the BITE/Status Word (Data
Word 1}. The BITE failure is alse annuncialed to the crew.

RM and BITE cannot delagt 100% of the poss:i-ble IMU failures. Howevar, the combination of AM

monitsred IMU data paramaters including BITE monitorsd (MU hardware and software failures
provides the essenlial screening required to maximize IMU failure deteclion.

{1h=1 = 7R
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An extamally induced failure may cause the loss of ene-to-thrag IMUs.

A method by which alfl three IMUs could simultaneausly exhibil a loss of output or ne sutput
tniire 18 the shorting of all input powar cables. A saction of cabie run {(bungle) exists that has al
input power cables in it. H the insulation on all power cabigs were damaged 2Xposing the interior
wire, any conductive material could causa an inpul pewer short. This failure has & crilicality of
r;;uasua tc 1he ability of one singls action exiernal 1o the IMUs thal can cause the loss of all

The IMU contains an Gperational Flight Program (OFP) which resides in a 24K word {16 bits per
word) fusible link Programmable Read Only Memory (PROM) on the Memory circul card, The
OFP i the maans by which acceleralion dala and attitude data are accumulated, procassed. and
compensated. This program has baan verified by repeated testing al the vendor, Kearfout
Guidance & Navigation {KG & Nj, and at the Inertial Systems Laboratory {ISL). The tasling
includes But is not limited to Acceptance Tast Procadure (ATP), Verffication And Callbration
Sequence (VACS), Attitude Determination. Hanger Calibratian “A® {HTA), Preflight Calibration
"A* [PCA). Gyrocompass, Yelocily Tit, and Tuned Ineftial tests. Even though svery IMU is
subjectad to and required 10 pass rigorous testing, the firmware associatad with the OFP has mot
been 100% valldated. The inability of the OFF 10 pertorm 1o iis gpecifications could resut in a
loss of outpul or no output faiture of cne-ig-thres IMUs.

Cooling air is required by the IMU 10 ensure proper femperature regulation af 1he Inertial
compansnts in the stable element. IMU performance degradation may begin to cocur whan the
cooling air reaches 90 degrees F or higher,

Cooling air is drawn 1hrough 1he inket pen keated on the upper right hand side of tha alt end of
the IMU. The air passas through an Electromagnelic interfarence {EM!) honeyeomb filler inlo
the card stack. Each card is equipped with an aluminum fin heal exchanger or a haat trangfar
plana. Arr flows over and through the card stack and is exhausted through tha outist povt locaied
on the lower right hand side of the afl end of the IMU. Ceoling air (o the inertial platform s
controlled by a bimetallic sprng valve regulator. When ihe eooling air temparsture is below 80
dagreas F, the valve is clozed 10 prevent overcooling. When the cooling air lemperatura is 120
degrees F. the valvs is fully open. Al tamparaturas in betwaen, the modulater valve pasilion is
approximately proporional 1o temperalure. Tha exhaust air from the platferm is drawn through a-
Haxibie air oot and lkaves the IMU via the outket por. :

Cooling alr can be affected by a blocked IMU fan assembly screen (GIL DB-1B-0574-01) ara
dislodged duct 10 1he IMU fan intet {CIL 06-1B- 0625-01), The failure mode criticality for these
tailures are 111, A failure of the IMU fan assembly check valve (CIL DE-1B-0427-01) or tha
remaining IML cooling air ducting (CIL 06-1B-0630-01) could reduce the cooling air flow. Thesa
failures have a criticaiity of 1R2. There are an additional six failures afteciing air flow. All gix
have a criticzlity of 2/2. These falluras ars:

IMU hea! axchanger resiricted air flow (CIL 06-1B-0557-06)

IMU heat axchanger exiemal air leakage (CIL 06+1B-0557-05)

Avionkes bay ducting external air leakage [CIL 06-1B-0611-01)

Avionics bay ducting restricted air flow {(CIL 06-1B-0811-02)

Cabin return ducting restricted air flow {CIL 06-1B-0016-01)

. Cabin return ducting exiernal air leakage (CIL 06-18.-0616-02)

Any change 1o the MU ¢ooling air has the patantial of ingreasing the IMU temperaturs. Elevated
tamperatura could causs the loss of cuiput or i culput failure af ona-ta-thras (MU through an
induzad piece part, memory, or microptocessot failure.

L L R
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The ocourrence of free water during zero gravity amironmeni could potentially cause the loas of
outpul or na autput tailure of one-to-three IMUS. The slectronic cicult cand NAF] pin figids and
matharboard sockets inside the (MU are not confarmally coated. Any free watar snteting the
IMLJ via the ¢ooling air path could cause damage to 1he IML). There are 24 ClLse documenting
the possiility of frae water as a rasult of anclher failurs. One of those 24 filures i extemal
water leakaga from the IMU hoat exchangar (CIL 06-1 B-0557-01) a 1R2 criticaity.

The Navigation Base is considered to be a parl of the sacondary Orbiter etructure. Since sach
IMU is coliecated on a sacondary Orbher struciure, the IMU 1ails serean c.

- FAILURE EFFECTS -

{A) SUBSYSTEM:

Thera is ne effect on the subsystem for loss of sutput or no output failures of ane or two IMUS.
If tha third and final IMU has a loss of output of no output failure i OPS 2 {On Orbi) or OPS 8
{Flight Control System (FCS) checkout), the General Purposs Compter (GPC) software will
anter a manual atitude control mode.

# a third logs of output or no output failure eccurs in OPS 1 (Ascent), OPS 3 (Entry). of OPS &
(Raturn To Landing Site (RTLS)}, the i6as ¢f crew and vehicle would be fhe woret Case result.

(B) INTERFACING SUBSYSTEM(S):

There is no effect an the intertacing subsystem for loas of output or no ouiput fallures of one or
two IMLUs,

If the third and final IMU has a koss of output or no output failure in OPS 2 or OPS 8, the Ganeral
Purpase Computer (GPC) scfiware will enter a manual attitude sonirol mod4a,

If & third loss of output or ne output failure securs in OPS 1, OPS 3, or QP35 6, 1he loss of crew
and vihicle would be the worst cass result.

(C} MISSION:

The first IMU to fail will be detected and dessiscted by Redundancy Management {AM}. Shoud
tha loss of an IMU by daselection occur during a mission, there would be in 3 Minimum Duration
Flight {MOF} in acoordance with Flight Aule B-60.

In a two IMU configuration, should efther remainirg IMU tad, the mission would be put inky tha
nexl Frimary Landing Sita (PL.S) posturs in accordance with Fiight Rule 8-g0.

Ii the third and final IMU has a igs of sutpul or no olnpu failure in OPS 2 or OPS A, the Ganecal
Purpose Computar ((GPC) software will @nter a manual atitude control mode,

N & third less of autput or no output failure occurs In OPS 1, OPS 3, or OPS 6, the Joss of ctew
and vehicle woulkd ba the worst case resull.

{D) CREW, VEHICLE, AND ELEMENT!{S):

There is no alfect on the crew, vahicle, ar alements for loss ot oulput or No oulput failures of one
or iwo IMUS.

OR=1 = 77
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If the third and final IMU has a joss of outpul or no otiput failurs in OPS 2 or OFS 8, the Ganaral
Purpose Computer (GPC} software will anter a manuai attiiude contrel mode.

M a third io&s of otput or no output faiure occurs in OPS 1, OPS 3, or OPS &, Ihe loss of crew
ard vahicla wouk] ba the worst casa rasull.

{E) FUNCTIONAL GRITIGALITY EFFECTS:

The criticality of the IMU is 1A3 for this failura moda because the loss of crew and vehicle will
nGt cecur undil atter tha third IMU failure.

-DISPOSITION RATIONALE-

{A) DESIGN:

The High Accuracy Inertial Navigation Systern (HAINS) i an all-atthude, tour gimbat, space
stable Inerial Measuramem Unit {IMU). Tha inertially stabilized platform and associated
elecironics supgly cutputs proportional to vehicle attiude (roll, pitch, and azimuth angles) and
velocity (X, Y, and Z axes) to the Genaral Purpsse Computar (GPC). Each gimbal Is gyro
stabilized using signals derived from the vertical gyro (X-Y axes) and the azimuth gyro {Z-
Redundarl axes). Each gyre ls a two dagree of lresdom gyro and is mounted on tha nnermast
{azimuih) gimbal. Accelaration dala are prowvided Dy three mutually orthogonal singke axis
acceleromelars meunted on the azimuth gimbal, The X and Y accelerometers are physicaly
located on the upper half ot 1he azimuth gimbal next to the varticai gyro. The Z accelerometer ia
)ocated on the lower half of the azimuth gimbal on the back plate of the coordinale resohver.

The HAINS contains an Operationat Flight Program (OFF) which regkdas In a 24K word (16 bits
pet word) Programmabla Read Only Memory (FRCM) on the Memory cireuit card. The OFF has
been designed to provide the fallowing:

- transparency to the GPC betwaen the HAINS and KT-70 1ML

- intemal compensation for Hioad paramelars

- data extrapolation and interpolation lor seanescencs

- augmentad I-load parameter compensatian

- expamcied BITE capabilfty.
The OFF is the means by which acceleraiion data and affitude data are accumuilaled, processad,
and compensated.

The detailed functional requirements and fermulations for the MU Subsystem Operating
Program (SOP) are documsanted in the Functional Subsystem Software Requirements (FSSAY.
The IMU SOP defines the GPC softwars assaciated with muttiple W) moding, self tesl, failurs
identification, hanger calibration, prefliight calibration, prafiight allgnmaent, and inenial cperatien.

The IMU design has passed Qualificalion, Acceplance, Shuttle Avionics Inlagration Laboratory
(SAIL). and Varification and Galibsation Sequence (VATS) tasts.

Electronic, Elecirical, Eleciromechanical (EEE) pants and/ar JAN-TX parts are used wharsver
possible. The IMU design also utilizes hybrict modulas fo reduce the number of paris and part
typas, Applicable derating quidelines ars usad 10 assure adequats safely Tactors in pans
applications,

NR=1 =~ 7R
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Redundancy Management (RM) and BITE are the primary scurcas of fallure detection in the

IMU. The BITE status is contained in Output Data Worg 1 - HAINS Moda/BITE Status. W
is a 20 bit word 1hat ig delined as tolows; ord 1

Bit 1
2
3

a

10

11

12

13

Sync pulsa
Sync pulsa
Syne pulse
HAINS Good BITE -

MUX Fal! BITE -

A/D Fail -

Platform Fail -
Digital Subsysiam Fail -

DC/DC Fail -

Discrete Power Supply Fail -

Rexolvar Fail -

Thia bit will ba 58t ("1") when bits
& - 12 ara clear (*0").

Thix bit will be sat whan the snd around
tra namissicn test fails or the MUX, BITE detects a
1ail condition.

This b will ba sst when the A/D BITE detects a
tail condition.

This bit will be set when iha Platform BITE
calacis a fail condition or ihe Gyre Wheel
Supply (GWS) BITE detects a tail condition.

This bil will be sat whan the BITE
dalects a CPU, VO, or Memory
failura.

Thie bt will be eat whan the DC/OC BITE
detecis a fail condition,

This bit will ba s¢t whan the
BITE delects a +5 Vdc isolated
power supply fakurg,

This bit will ba set whon the resobver
volisge or current limits are axgoeded,

Circuit Gard Overtemperatuts - This bl will be set when a

Transmission Word 1 Fail -
Tranamigsion Word 2 Fail -

D1/D08 Sequancer Discrate
D2 Sequencer Discrete
L3 Sequencer Discrete

D4 Sequencer Discrele
DS Sequencer Discreto
Farity

circull card ovartempetature condition axisty.

This bit will be sa1 whan the
parity, gap, of Manchester coding in word 1 fails.

This bit will ba 55t when tha
parity, gap, or Manchaster coding In word 2 fails.

Output Data Word 15 and 16 contain detailad BITE intormalion that is accessible anly during
. laboratory test. Womds 15 and 16 are nol curranity read by lhe GPC.

O0bF=1 = 70
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{B} TEST:

The platiorm and circult card assemblies are subjacted ko 100 petcent burm-in and screening for
workmanehip defecis. Tha Accapiance Test Procedure (ATP) that is paformed on aach IMU at
the vander includes a Thermal and a Vibration test. In addtion, sach IMU & subsected to a
Verfication and Caliration Saequance (VACS} 1eat at the Inertial Systams Laboratory (ISL).
Further, sach IMU not immediataly installad on a vehicle is subjacted 1o Pedodic Calibration
Sequonce {(FCS) sk 120 day infarvals lor Flight ready spares and 180 day intervals for a Patiodic
Oparation Sequance [POS} at the ISL. Vehicla preflight tasts inciude an Attitude Diatermination,
Hangar Calibration "A* (HCA), Preflight Calibration "A” (PCA), Gyrocompass, Yelocity Tt and
Tunad Inartial tasts. MU performance is monitored during each yehicle Terminal Counidown
Nsmonatration Test (TCOT) and during prelaunch to verity propar cpadation. iriegraled and
subsysiem verification is perfarmed pericdically during lumaround. Note - the adalional VACS
lesls performed at tha |51 are required 1o augmant tha exigting ATP at the IMU vendor, Kearfott
Guidance & Navigation (K3 & N).

Extensive software requirements and venfication tesls are performed prior 10 launch.
Acceptance Test Frocedure (ATF) i§ wiinassed by Inspsction. A par of the ATF & the testing of
environmantal {vibration and 1hermal) conditicns. Vibration 1esting is run in three different axes
(X, Y. and Z). Once the selected axis is aligned with the vibration axia of the test table, tits are
astimated until the tilts are stable. The vibration s slariad and another til astimale is taken. Al
the conclusion of the vibration, three more litt astimates are performed. The last tit astimate
before vibration is avarmged with the first tilt estimate after vibration. The average it Is
comparad to the it eslimate during the vibration and a pasafail is recorded. Tha diffarances
between the pre- and past- vibration dala on the kvel accelaromater axes and the vertical
rasolvar axis are limit checked ant pass/fail indications are recorded.

The random vibration spacifications are as follows:

Flight Qualification Accaptance Vibration
Acceleration Spectral Density Acceleration Spectral Densiy
20-80Hz +5 dBfoctave 20-80Hz +1 diRfoctave
B0 - 350 Hz 0.01 g2/Hz BO - 350 H2 0.D67 garHz
350 - 2000 Hz -8 dB/nctave 350 - 2000 Hz -3 dB/octave
Duration: 34 minutaes in each axis Driration: 16 minutas in aach Bxia

These reductions in Csiification Requiremenis ara based on flight ‘data from STS-1 though
ST3-B.

The shock requirement for the IMU basic design is a 20 g terminal sawtooth shock pulse of 11
ms duration in sach of threa orihogonal axes in bath diractions. The crash safety shock is twice
the Dasic design with one addition requirement. The equipment and iis rounting attachments
shall nol break koose, oreata a hazard to parsonnal, or prevent egrass from a crashed vehicle,

Operating pedformance is not required afier a crash safety shock.

Loss of Inpln powsr doss noi cause damage to the IMLL The IMU will ghut Heatf down i the input
voltage falls below the low voliage («24 Vdc).

(G} INSPECTION:

RECEIVING INSPECTION - ‘
Incoming matanial is verified by Recsiving Inspection.
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CONTAMINATION CONTROL -

Finai assembly and rework ig petformad in a clean roem. Tha stabla platform assembiy is
performed i a class 100,000 claan room per FED-STD-209. The eamplated assembty ia
visualiy inspected and vacuumed Lo delect and remave any imMermal conductive comamination
bafore the top-and botlom closeout covers are instaked. :

NONDESTRUCTIVE EVALUATION -
Radiographic inspection is perlormed and ie verified by inspaction,

ASSEMBLY/INSTALLATION -

All asssmbly banchas are equipped with grounding siraps and bench covers. Visual aids
providad for printed wiring board compenent assembly and all procassas are vigually verified
before conformai coating.

CRITICAL PROCESSES -
Quality Engineering derved procedures are used for bonding, soldering, coating, and potiing,

I These processes are impased through process speciiications. Oparators are canlified for critical
processes. Procasses are controlled by Clualty Control. All sokdsr oporators are certifiad,

TESTING -
The Accaplance Test Procedure (ATP) is veriied by inspection.

HANDLINGPACKAGING -

Packing/Packaging raquires special cortainars which are used for iransportation ard shipping.

Vibration and shock are tested in accordance with MIL-STD-794 as defined in FED-STD-101
| Accepted and retumed hardwars is kepl in a bonded slorage ares.

(0} FAILURE HISTORY:

Mo Space Shuttle flight failure history for the HAINS IMU exists. All other appiicabla failure
history is limied 1o manufacturing and bench lesting at the vendor Kearfott Giuktanca and
Navigation {KG & N), Shuttle Avienics Integration Laboratory (SAILY. and at the Ineria) Systams
Laboratory (ISL).

(E} OPERATIONAL USE:

There are no actionsiproceduras which can be takan by 1he crew in ordar 10 precluds the effect
of & falture. Crew training includes the norminal management of the IMUs as well ag ihe
implementation of crew procedures for recovery of a failed/deseiected LRU. The ground, during
menitoring of the IMU subsystem, is required 1o ensura that an IMU is mairtained within 2 3
sigma petformance envelope. The opsrational consiraints on the mission are as follows:

1. A landing at the Edwards complex or a lakabed runway will be required far the kss of one (1
or Two (2] IMUs respectivaly. This requiremaent provides the energy downmeding options
necessary dus 1o subaequent failure or performance degradation of the remaining IMU{a} which
alfecl the anboard navigation stale vector. _

2. Entry should not be performed if the predicied RSS misalignmant of an IMU al Entry Interface
{EJ} is greater than 0.5 degrees. Exceading this limit coud (In the worst casa) rasyit i violation
of the 342 psf flight control design limit for dynamic pressure. Oue 1o 1he lack of visibility by the
créw on the IMU performance, the ground is required 10 ensure that an IMU misalignmen! does
not viclale the 0.5 degree RSS kmit. Three sigma dnfl trom decrbit alignment would result in
0.09 dogren misalignmant al €1. Nota: Dearbit will be waved off if necessary and Star
Tracker/IMU alignment will be accomplished pror ta dacrbit bum.

05=1 = #&1
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- APPROVALS -
EDITORIALLY APPROVED Al
EDITORIALLY APPROVED L J8C
TECHNICAL AFPROVAL :VIACR
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